We propose a novel hollow waveguide optical switch composed of a multi-mode interference (MMI) coupler with a variable air core. The numerical simulation of the proposed optical switch is carried out for investigating switch performances. Switching operation can be obtained by mechanical displacement of the air core of an MMI hollow waveguide. A hollow waveguide consists of Ta 2 O 5 /SiO 2 multilayer mirrors for optical confinement. The result shows a possibility of switching of about 99.5% optical power fraction with a switching length of 500 µm and a small displacement (∆D core = 2.5 µm) of an air core thickness. Keywords: hollow waveguide, optical switch, air core, MMI coupler Classification: Photonics devices, circuits, and systems
Introduction
In recent years, with rapid increase in broadband internet traffics, we meet the demand of high-speed and large scale photonic networks. Large capacity wavelength division multiplexing (WDM) systems have been developed. In addition, the rapid growth of short reach links, metro-area networks, and FTTH, etc. is going on. Also, photonic networks will be developed to form either large-scale ring or mesh networks from point-to-point transmission systems. In order to build reliable and flexible photonic networks, compact and large-scale photonic integrated circuits are becoming important. An optical switch is one of key optical devices. Important issues for optical switches are compact size, cross-talk, scalability and so on. In waveguide optical switches, either electro-optic effect or thermo-optic effect has been used for switching operations [1] - [6] . However, both effects give us small change in refractive index, resulting in a large device size. We proposed tunable hollow waveguides for use in photonic integrated circuits, enabling a large change in propagation constants of light with a variable core [7, 8] . A relative change in propagation constant is as large as a few % in a small air core [8] , which is very difficult to be realized in conventional dielectric waveguides. Such a large change in propagation constant may allow us to reduce the size of optical switches. Also, a hollow waveguide MMI coupler was recently demonstrated [9] .
In this paper, we propose a novel hollow waveguide optical switch composed of an MMI coupler with a variable air core. Also, the numerical simulation of the optical switch is carried out for investigating switch performances. Switching operation can be obtained by the combination of a hollow waveguide and a variable air core.
Design of hollow waveguide optical switch
We propose an optical switch consisting of an MMI coupler as shown in Fig. 1 . The MMI coupler type optical switch shown in Fig. 1 is based on the interference between the hollow waveguide modes with a self-imaging effect. The beat length L π of the two lowest-order modes is expressed by the difference in propagation constants of two guided modes and is given by the following equation [10] : The lateral spot size of a hollow waveguide, which is the effective width, can be changed with a variable air core. Thus, the beat length L π can be variable in a tunable hollow waveguide. As a result, switching of a mode field at the end of an MMI coupler is obtained by changing the thickness of an air core. 
Result
We carried out the numerical simulation of the proposed hollow waveguide optical switch with an MMI coupler. At first, a core thickness D core of an input waveguide is changed and a fundamental guided mode confined in the air core is obtained in the range of D core between 5.5 and 8 µm. We assumed the input light is a TE mode with an electric filed parallel to a substrate. The top view and cross-sectional view of the intensity distribution in the hollow waveguide are shown in Figs. 3 (a-1) and (a-2) for different air core thicknesses of 5.5 µm and 8 µm, respectively. Figures 3 (b-1) and (b-2) show the optical intensity distribution at a distance of 500 µm from the input port for the core thickness of 5.5 and 8 µm, respectively. The lateral intensity peak moves from the left hand side to the right hand side at a distance of 500 µm as shown in Fig. 3 (b-1) and 3(b-2) . The results show switching of optical power fraction of about 99.5% with a switching length of 500 µm and a small displacement of air core ∆D core = 2.5 µm, when we connect an output waveguide with the MMI coupler. The calculated insertion losses of a 500 µm long hollow waveguide with 5.5 and 8 µm air core are 1.25 dB and 0.77 dB, respectively. The change in the coupling efficiency between an optical fiber (SMF) and an input waveguide is calculated to be 10% by changing an air core thickness (5.5 µm ∼ 8 µm). Changes in spot sizes of air core hollow waveguides increase with decreasing the core thickness D core . Thus, a small core thickness gives us a large change in a beat length. We expect the reduction of switching distance by reducing the air core. 
Conclusion
We proposed a hollow waveguide optical switch composed of a MMI coupler and a variable air core. We carried out the full-vectorial numerical simulation for an MMI hollow waveguide switch. The result shows a possibility of compact-size waveguide switches with a switching length of 500 µm. The insertion loss is as small as 1.25 dB. A large change in spot sizes of hollow waveguides may enable us to reduce the switch size with further optimizations of device structures.
